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Abstract 
The incidence angle modifier (IAM) of a solar thermal collector for diffuse irradiance is usually determined under the 
simplifying assumption of isotropic sky and ground radiance. It is applied as one constant collector parameter, independent from 
slope or weather conditions. The simulation model introduced here considers the varying anisotropy of sky radiance. To create 
realistic distributions, the approach of Brunger and Hooper is used. Three modes are possible: Mode 1 calculates separate IAMs 
for anisotropic sky (for every time step) and isotropic ground. Mode 2 calculates separate IAMs for isotropic sky and isotropic 
ground (once per simulation). Mode 3 uses a user-specified isotropic IAM-value for the collector hemisphere. 
The model is applied to a stationary, double-covered process heat flat-plate collector with one-sided CPC booster reflector 
(RefleC). This collector shows a biaxial and asymmetric IAM for direct irradiance. It is found that, compared to anisotropic 
modeling, the simplified isotropic model is undervaluing the annual output of this collector by 13.7 % for a constant inlet 
temperature of 120 °C in Würzburg, Germany. At 40 °C inlet temperature the undervaluation is 9.3 %. For the basis flat-plate 
without reflector the undervaluation is 7.5 % at 120 °C and 3.3 % at 40 °C. An annual irradiation distribution diagram shows that 
this is due to an underestimation of diffuse irradiation from directions with high direct irradiation. Detailed results reveal that for 
RefleC the IAM for anisotropic diffuse sky radiance can vary by up to approx. 25 percentage points during one day. 
It is concluded that isotropic modeling of diffuse irradiance can be expected to significantly undervalue the annual output of all 
non-focusing solar thermal collectors. Highest relevance is found for high collector slopes, complex IAMs and at low-efficiency 
operation. The optimal collector slope is almost not affected. Accuracy of existing models can be increased by applying Mode 2. 
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Nomenclature and Abbreviations  
ܽ଴ Coefficient of Brunger-model [െ]   Greek Letters 
ܽଵ Coefficient of Brunger-model [െ]   ߚ Collector slope from horizontal [ݎܽ݀] 
ܽଶ Coefficient of Brunger-model [െ]   ߛ Collector azimuth (west positive) [ݎܽ݀] 
ܽଷ Coefficient of Brunger-model [െ]   ߟ଴ Conversion factor at perpendicular irrad. [െ] 
ܿଵ Collector heat loss coefficient [ܹ݉ିଶܭିଵ]  ߟ଴ሺߠሻ Conversion factor at incidence angle ߠ [െ] 
ܿଶ Collector heat loss coefficient [ܹ݉ିଶܭିଶ]  ߠ௦     Zenith angle of the sun [ݎܽ݀] 
ܿହ Thermal capacity of collector [ܬ݉ିଶܭିଵ]]  ߠ௛     Zenith angle of sky element [ݎܽ݀] 
ܨƲ Collector efficiency factor [െ]   οߠ௛     Angular width of sky element at ߠ௛ [ݎܽ݀] 
ܩ Global irradiance on horizontal [ܹ݉ିଶ]  ߠ௛כ     Zenith angle of ground element [ݎܽ݀] 
ܩ଴ Extraterrestrial irrad. on horizontal [ܹ݉ିଶ]  οߠ௛כ     Angular width of ground elem. at ߠ௛כ [ݎܽ݀]  
ܩ௕௧ Beam irradiance on tilted plane [ܹ݉ିଶ]  ߠ     Incidence angle on collector aperture [ݎܽ݀] 
ܩௗ Diffuse irradiance on horizontal [ܹ݉ିଶ]  ߠሺߠ௦ǡ ߶௦ሻ    Incidence angle of sun on aperture [ݎܽ݀] 
ܩௗ௧ Diffuse irrad. on tilted plane(ܩ௦௧ ൅ ܩ௥௧)ሾܹ݉ିଶ] ߠሺߠ௛ǡ ߶௛ሻ   Incidence angle sky element on ap. [ݎܽ݀] 
ܩ௦௧ Diffuse sky irradiance on tilted plane [ܹ݉ିଶ] ߠ௟     Projection ofߠ into transversal plane [ݎܽ݀] 
ܩ௥௧ Diffuse ground irradiance on tilted plane [ܹ݉ିଶ] ߠ௧     Projection ofߠ into longitudinal plane [ݎܽ݀] 
ܫሺߠ௦ǡ ܽଷሻ    Function within Brunger-modelሾെሿ  ሺߩ߬ߙሻ௘᩿  Effective optical loss factor [െ] 
݇ Fraction of diffuse irradiance on horizontal [െ] ߶௦     Azimuth angle of sun (west positive) [ݎܽ݀] 
݇௧ Atmospheric clearness index [െ]   ߶௛     Azimuth sky element (west positive) [ݎܽ݀] 
ܭ௕ IAM for beam irradiance [െ]   ο߶௛     Angular width of sky element at ߶௛ [ݎܽ݀] 
ܭௗ IAM for diffuse irradiance (ܩ௦௧ ൅ ܩ௥௧) [െ]  ߶௛כ      Azimuth ground element (west pos.) [ݎܽ݀] 
ܭ௥  IAM for diffuse irradiance from ground [െ]  ο߶௛כ      Angular width of ground elem. at ߶௛כ  [ݎܽ݀] 
ܭ௦ IAM for diffuse irradiance from the sky [െ]  Ȳ Angular distance sun to sky element [ݎܽ݀] 
ܮሺߠ௛ǡ ߶௛ሻ    Sky radiance in direction ሺߠǡ ߶ሻ [ܹ݉ିଶݏݎିଵ] ȳ     Angular width of sky element [ݏݎ] 
݊థǡ௛     Number of steps in direction ߶௛ [െ]   
݊ఏǡ௛     Number of steps in direction ߠ௛ [െ]   
ݍሶ௢௨௧ Collector output per aperture area [ܹ݉ିଶ]  Abbreviations     
௔ܶ Ambient temperature [ܭ]    CPC Compound Parabolic Concentrator 
௙ܶ Mean collector fluid temperature [ܭ]   IAM Incidence Angle Modifier  
1. Introduction  
Non-focusing solar thermal collectors make use of direct and diffuse radiance (cp. Fig. 1). The irradiance varies 
during day and year with changing sun position and atmospheric conditions. Optical effects of diffuse irradiance are 
usually calculated isotropic, i.e. with the simplification of homogenous sky radiance. The real sky radiance is to 
different extents anisotropic, i.e. the spatial irradiance distribution varies due to turbidity, circumsolar radiance and 
horizontal brightening. Fig. 2 shows a collector with a very distinctive radiation acceptance behavior. It consists of a 
basis double-covered flat-plate collector and a booster-reflector approximating a one-side CPC-geometry. The 
specific power output ݍሶ  of a solar thermal collector is expressed by eq. 1. 
 
ݍሶ௢௨௧ ൌ ܨƲ ڄ ሺߩ߬ߙሻ௘ǡ᩿ୄ ڄ ሾܭ௕ ڄ ܩ௕௧ ൅ ܭ௦ ڄ ܩ௦௧ ൅ ܭ௥ ڄ ܩ௥௧ሻሿ െ ܿଵ ڄ ሺ ௙ܶ െ ௔ܶሻ െ ܿଶ ڄ ൫ ௙ܶ െ ௔ܶ൯ଶ െ ܿହ ڄ
݀ ௙ܶ
݀ݐ  (1) 
Herein, ሺߩ߬ߙሻ௘ǡ᩿ୄ is the effective reflectance-transmittance-absorptance product, summarizing all optical losses 
at perpendicular irradiance. Multiplication with the collector efficiency factor ܨƲ gives the conversion factorߟ଴, i.e. 
the fraction of perpendicular irradiance converted into useful heat when the mean fluid temperature of the collector 
௙ܶ is identical with the ambient temperature ௔ܶ. The different irradiation componentsܩ௕௧, ܩ௦௧ and ܩ௥௧ are weighted 
with individual Incidence Angle Modifiers (IAM)ܭ௕ , ܭ௦ andܭ௥ , to account for changes in the conversion factor due 
to non-perpendicular irradiance of these radiation components. 
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In eq. 1, the factor ܿଵ  is the collector´s heat loss coefficient at൫ ௙ܶ െ ௔ܶ൯ ൌ Ͳ. The factor ܿଶ  accounts for the 
temperature dependence of the heat loss coefficient. The effective thermal capacity ܿହ  of the collector (all 
components and fluid content) allows realistic outlet temperature calculation at varying conditions. 
Thermally, eq. 1 follows the standard expression of full instantaneous steady state efficiency test results as 
described in the ISO/FDIS 9806:2013(E) standard [2, p. 109]. For evaluation of dynamic collector tests [2, p. 64] 
and within most state of the art collector simulations models, ܩ௦௧ and ܩ௥௧ are summarized and one single IAM ܭௗ 
for diffuse irradiance from the overall collector hemisphere (180°, cp. Fig. 1) accounts for their acceptance (cp. e.g. 
[3, p. 6]). This ܭௗ is a constant collector parameter determined for isotropic diffuse irradiance and independent ofߚ. 
It is provided in collector test reports and not varied within a simulation. In eq. 1 and in the model developed, ܩ௦௧ 
and ܩ௥௧ are treated separately to allow for separateܭ௦ andܭ௥ . 
This work primarily assesses the effect of anisotropic irradiance modeling on the collector output. Therefore, the 
expression in eq. 1 was considered to be sufficient. Dependencies of the collector efficiency on wind speed and sky 
temperature, as they are included in the standard dynamic collector model [2, 3, 4], were not taken into account. 
The three IAMs of the irradiance components introduced above account for all optical, geometrical and thermal 
effects occurring when incidence of an irradiance component is not perpendicular to the aperture. The IAM leads to 
a reduction or increase ofߟ଴, resulting in a parallel translation of the collector efficiency curve. First, in eq. 2, the 
IAM for beam irradiance ܭ௕  is defined [5, p. 297]. The incidence angleߠ is projected into the longitudinal and 
transversal collector planes, where the angles ߠ௟ andߠ௧ are found (cp. Fig. 3).  
 
ܭ௕ሺߠ௟ǡ ߠ௧ሻ ൌ
ߟ଴ሺߠሻ
ߟ଴ ൎ
ሺߩ߬ߙሻ௘ሺߠ௟ǡ ߠ௧ሻ
ሺߩ߬ߙሻ௘ǡ᩿ୄ  (2) 
If the factor ܨƲ changes withߠ, the IAM also accounts for thermal effects. If this is not the case, the right term of 
eq. 2 is valid and the values for ܭ௕ሺߠ௟ǡ ߠ௧ሻ can be determined by raytracing simulations.  
The incidence angleߠon the aperture can be determined by the scalar product of the two unit vectors of collector 
surface normal and sun direction. The result is shown in eq. 3; it is identical with [5, p. 15]. Fig. 4 shows other 
relevant angles for the model. Here, also the necessary angular parameters of the Brunger model [6] are indicated. 
In principle, for a considered collector distinct values of ܭ௕ሺߠ௟ǡ ߠ௧ሻ could be described by an individual 3D-curve. 
But assessment of these values by raytracing implies uncertainties and high effort. Thus, in standard collector tests, 
only values along the characteristic optical axes of a collector are determined.  
  
Fig. 1. Components of solar irradiance on a collector with tilt angleߚ. 
Beam irradianceܩ௕௧ from the sun direction, diffuse irradiance from the 
sky dome ܩ௦௧ and reflected diffuse irradiance from the ground ܩ௥௧ 
reach the collector. Forܩ௦௧, the simplifying isotropic and the more 
realistic anisotropic radiance distribution are indicated. 
Fig. 2. Low-concentrating, stationary RefleC-collector at the laundry 
Laguna in Marburg, Germany [1]. The positive transversal incidence 
angle component ߠ௧ on the aperture is indicated (cp. Fig 3). The 
collector trough with concentration ratioͳǤʹ͸, acceptance half-angle 
35° and slopeߚ ൌ ͷͷι defines the longitudinal direction. 
ߠ௧ 
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Equations to calculate ߠ௟  and ߠ௧  have been derived by McIntire and Reed [7, p. 409] and Theunissen and 
Beckman [8, p. 318]. For RefleC, the scalar product of the adjacent unity vectors (cp. Fig. 3) results in eq. 4 and 5. 
As explained, for most directions of beam irradiance on the aperture usually no values of ܭ௕  are available. 
Therefore ܭ௕ሺߠ௟ǡ ߠ௧ሻ is in simulations usually approximated according to McIntire [9, p. 315], as in eq. 6. 
 
ߠ ൌ ᩿ሾ ߠ௦ ڄ  ߚ ൅  ߠ௦ ڄ ݏ ߚ ڄ ሺ߶ௌ െ ߛሻሿ (3) 
ߠ௟ ൌ  ቈ
 ߠ௦ ڄ ሺ߶௦ െ ߛሻ
 ߠ ቉׊ߴ௟ א  ሾെͳͺͲǢ൅ͳͺͲሿ (4) 
ߠ௧ ൌ െሾ ߠ௦ ڄ ሺ߶௦ െ ߛሻሿ െ ߚ׊ߴ௧ א  ሾെͻͲǢ൅ͻͲሿ (5) 
ܭ௕ሺߠ௟ǡ ߠ௧ሻ{ܭ௕ሺߠ௟ǡ Ͳሻ ڄ ܭ௕ሺͲǡ ߠ௧ሻ (6) 
Raytracing results forܭ௕ of the RefleC-collector and its basis flat-plate collector without reflector are shown in 
Fig. 5. It gets obvious that the shape of the ܭ௕-curves along the optical planes highly depends on the collector 
geometry. For flat-plates, ܭ௕ሺߠሻ can be approximated to be rotationally symmetrical and described by one single 
curve (1D-IAM). For evacuated tubes and CPC-collectors, ܭ௕ሺߠ௟ǡ ߠ௧ሻ is biaxial symmetrical, i.e. two curves in 
positive directions ܭ௕ሺߠ௟ǡ Ͳሻand ܭ௕ሺͲǡ ߠ௧ሻ can be given, since the curves are axially symmetrical (2D-symmetrical-
IAM). Because RefleC is not constructed symmetrically in the transversal plane, ܭ௕ሺߠ௟ǡ ߠ௧ሻ is described for positive 
and negative values of ߠ௟ andߠ௧ (2D-asymmetrical-IAM) as in Fig. 5.  
According to Rönnelid et al. [10, p. 285] the approximation of McIntire shows the highest relative errors in ܭ௕ 
for high incidence angles ߠ and from directions, where ܭ௕ሺߠ௧ǡ Ͳሻand ܭ௕ሺͲǡ ߠ௟ሻ differ much from each other. This can 
result in an overestimation of annual energy gain of 4 to 5 % (shown for a CPC).  
Siala and Hooper [11, p. 295] have shown the relevance of sky radiance anisotropy for the energy gain of an 
ideal, symmetrical CPC-collector (acceptance half-angle 36°, inclination = latitude 43.7°). For non-isotropic 
modeling, the fraction of accepted diffuse irradiance in the course of the day was up to 10 % higher than with an 
isotropic distribution model. 
  
Fig. 3. Reference planes of the RefleC-collector. The longitudinal 
direction follows the reflector trough (cp. Fig. 2); the transversal 
direction is perpendicular to it. The incidence angle ߠ of the sun on the 
collector is projected into the optical planes and described byߠ௟ andߠ௧. 
The slope ߚ is found between collector normal and zenith. 
Fig. 4. Horizontal plane with positions of sun and sky element (diffuse 
radiance). The collector is positioned by azimuthߛ and slopeߚ. The 
sun direction is sun azimuth߶௦ and solar zenith angleߠ௦. The azimuth 
of the sky element is߶௛, its zenith angle isߠ௛. The angle between sun 
position and position of considered sky element isȲ (cp. [6, p. 55f]) 
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2. Anisotropic sky radiance model of Brunger and Hooper  
Within the collector simulation model, the model of Brunger and Hooper [6] is used. It generates a realistic 
distribution of the sky radiance ܮ  at all directions ሺߠ௛ǡ ߶௛ሻ of the sky dome (cp. Fig. 4). Eq. 7 allows a new 
calculation of the distribution of a given horizontal diffuse irradianceܩௗ over the hemisphere in every time step.  
 
ܮሺߠ௛Ǣ ߶௛ሻ
ܩ௦௧ ൌ
ܽ଴ ൅ ܽଵ  ߠ௛ ൅ ܽଶ᩿ሺെܽଷ ڄ Ȳሻ
ߨሺܽ଴ ൅ ʹܽଵȀ͵ሻ ൅ ʹܽଶܫሺߠ௦ǡ ܽଷሻ  (7) 
The model gives a continuous function for ܮሺߠ௛ǡ ߶௛ሻ of the sky dome (cp. Fig. 6, 7). Three main fractions of the 
sky radiance are considered: The coefficient ܽ଴ accounts for the isotropic background; the horizontal brightening is 
modeled by a cosine-function and the circumsolar radiance is modeled by an exponential function.  
In addition to sun position, only the fraction of diffuse irradiance on the horizontal plane݇ ൌ ܩௗȀܩ, and the 
atmospheric clearness index݇௧ ൌ ܩȀܩ଴ are needed to set up the sky radiance distribution. Brunger and Hooper 
identified 49 tabulated sets of the coefficients ܽ଴ǡ ܽଵǡ ܽଶ andܽଷ. Each set is valid for a certain combination of݇ 
and݇௧ (49 radiance distributions), with ݇ and݇௧ both separated into nine classes with intervals of 0.1 [6, p. 57].  
 
Fig. 5. Raytraced values for ܭ௕ሺߠ௟ǡ Ͳሻ and ܭ௕ሺͲǡ ߠ௧ሻ of the RefleC-collector (2D-asymmetrical-IAM) and its basis flat-plate collector with 
glass-foil (GF) cover (can be approximated by rotationally-symmetrical 1D-IAM). See Fig. 2 for a picture of the collector(s). 
  
Fig. 6. Brunger-distribution of sky radiance for a lightly covered sky 
(݇௧ ൌ ͲǤ͵ͷǢ ݇ ൌ ͲǤͻͷǢߠ௦ ൌ ͵ͲιǢ ߶௦ ൌ ͲιǢ ܩௗ ൌ ͳͲͲ᩿ܹȀ݉ଶ)  
Fig. 7.  Brunger-distribution  of sky radiance for a relatively clear sky 
ሺ݇௧ ൌ ͲǤ͹ͷǢ ݇ ൌ ͲǤʹͷǢߠ௦ ൌ ͵ͲιǢ߶௦ ൌ ͲιǢܩௗ ൌ ͳͲͲ᩿ܹȀ݉ଶሻ  
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The equations to calculateȲ, the angular distance between the considered sky element and the sun, as well 
asܫሺߠ௦ǡ ܽଷሻǡ a specific function of the Brunger-distribution, can be found in [6, p. 56]. Note that equationܫሺߠ௦ǡ ܽଷሻ 
contains a typing error in [6, p. 56]. Herein, the first dividend is written as ሺͳ ൅ ݁ݔ݌ሺെܽଷߨȀ૜ሻ, but must be 
ሺͳ ൅ ݁ݔ݌ሺെܽଷߨȀ૛ሻ, (cp. Solar Energy 51/6, Erratum p. 523, 1993). For this work, zenith angle ߶ and azimuth 
angle ߠ of a hemispheric segment on the horizontal as identified in [6] were substituted by ߶௛and ߠ௛ for a clear 
distinction from incidence ߠon the collector aperture. 
Igawa et al. [12] compared different sky radiance distribution models for the whole variety of weather conditions. 
Among others, they compared their highly elaborated All-Sky-Model-R to the Brunger-model and the Perez All-
Weather-Model [13]. With the Brunger-model, the distribution range of predicted around measured values was the 
highest of all three models but still only ʹܹȀሺ݉ଶݏݎሻhigher than Igawa, when all sky conditions were considered 
[12, p. 152]. Brunger and Hooper state that their model covers 83 % of the deterministic variation in instantaneous 
sky radiance and they recommend their model to calculate irradiance incident on CPC collectors with complex or 
biangular incidence angle modifiers [6, p. 53]. 
3. Dynamic collector simulation model with anisotropic IAM calculation 
3.1. Approach and properties  
The collector simulation model introduced here was written in FORTRAN and is applied in TRNSYS as user-
defined Type 154. Within this Type, the sum of incident ܩ௦௧ is distributed over the hemisphere according to the 
model of Brunger and Hooper (see above). This model was chosen because it creates a realistic and continuous 
radiance distribution over the hemisphere and it can be set up with relatively low computing effort compared to 
other models. Type 154 is able to recalculate the IAM ܭ௦ for anisotropic sky irradiance for every time step of the 
simulation. Therefore, the irradiance from each infinitesimal sky element in direction ߠ௧ǡ ߠ௟ is weighted with the 
tabulated values ofܭ௕ሺߠ௧ǡ ߠ௟ሻ provided by the user from measurements or raytracing. The model has three modes for 
the calculation of the IAM for diffuse radiation: 
 
x Mode 1: anisotropic calculation of IAM from sky ܭ௦ with Brunger distribution, isotropic calculation of ܭ௥  x Mode 2: isotropic calculation of separate IAM from skyܭ௦ and ground ܭ௥  x Mode 3: manual input of IAM for isotropic diffuse irradiance ܭௗ for whole collector hemisphere (no separation 
intoܭ௦ andܭ௥). Here, ܭௗ is a collector parameter and independent ofߚ. Forߚ ൌ Ͳ, ܭௗ equals ܭ௦ from Mode 2.  
 
In simulations programs, usually representative weather data files (typical meteorological years) with horizontal 
radiation data are used. Direct irradiation is measured by pyrheliometers with a solid view angle of approx. 6° 
aperture diameter with the solar disk in its center [15, p. 49]. Diffuse irradiance on the horizontal is the global 
irradiance reduced by the pyrheliometer-value [15, p. 49]. In TRNSYS 16, within the weather data processor the 
simplified Perez diffuse irradiance model for sloped surfaces [16] is the most advanced option to determineܩ௦௧ 
(Mode 4 in the weather data processor). This model considers the three radiation components isotropic background, 
circumsolar radiance and horizontal brightening, but does not give a continuous sky radiance distribution. In 
TRNSYS 17, new fit coefficients for this same model are available [17, p. 7-94f]. Both in TRNSYS 16 and 17 the 
angular distribution of the sky radiance is not available to the user. This is the reason why the anisotropic sky 
radiance distribution is calculated within collector Type 154, where it is exclusively used to get a realistic value 
ofܭ௦. The value of ܩ௦௧ is still taken from the weather data processor.  
3.2. Beam irradiance 
The incidence angle for beam irradiance and its components are calculated with eq. 3 to 5. ܭ௕ሺߠ௧ǡ ߠ௟ሻ is then 
interpolated from the values provided by the user in an external table. These values can be raytracing data for the 
whole collector hemisphere (exact values from 3D-raytracing) or can be generated from measurements along the 
collector axis and by using eq. 6. Thus, terrors by applying the separation approach of McIntire [9] are not made 
within Type 154 and could be avoided by providing values for ܭ௕ሺߠ௧ǡ ߠ௟ሻ from the whole collector hemisphere. 
 Stefan Hess and Victor I. Hanby /  Energy Procedia  48 ( 2014 )  87 – 96 93
3.3. Anisotropic sky irradiance  
The calculation of the IAM for diffuse irradiance from the sky ܭ௦ is shown in eq. 8 to 10. Eq. 8 is based on the 
fundamental approach of Brandemuehl and Beckman for calculation of effective incidence angles [18, p. 511]. The 
sky radiance ܮሺߠ௛ǡ ߶௛ሻ of an infinitesimal sky element݀ȳ is located by its angle ߠ௛from the zenith and its azimuth 
angle߶௛ (cp. Fig. 4). The incidence angle of ݀ȳ on the collector isߠሺߠ௛ǡ ߶௛ሻ. The absorbed diffuse irradiance from 
the whole sky in the numerator is the integral of the irradiance of all sky elements ݀ȳ weighted with their individual 
IAMܭ௕ሺߠ௛ǡ ߶௛ሻ and their individual cosine losses ( ߠሺߠ௛ǡ ߶௛ሻሻ. Division by the overall sky diffuse irradiance on 
the aperture gives the IAM for anisotropic diffuse irradiance.  
 
ܭ௦ ൌ 
׬ ܭ௕ሺߠ௛ǡ ߶௛ሻ ڄ ܮሺߠ௛ǡ ߶௛ሻ ڄ  ߠሺߠ௛ǡ ߶௛ሻ݀ߗ႖
׬ ܮሺߠ௛ǡ ߶௛ሻ ڄ  ߠሺߠ௛ǡ ߶௛ሻ݀ߗ႖
݀ߗ ൌ  ߠ௛݀ߠ௛݀߶௛ Ǣ ߠሾͲǢ ͻͲιሿ (8) 
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The incidence angleߠሺߠ௛ǡ ߶௛ሻ of ݀ȳ on the collector aperture in eq. 9 as well asߠ௧ሺߠ௛ǡ ߶௛ሻ andߠ௟ሺߠ௛ǡ ߶௛ሻ can 
be calculated by eq. 3 to 5, since the coordinates of the sun (ߠ௦ǡ ߶௦ሻ and of ݀ȳ (ߠ௛ǡ ߶௛) have the same horizontal 
basis (zenith and south direction). The width of ݀ȳ increases with ߠ௛(cp. Fig 4). The computable equation is: 
 
ܭ௦ ൌ 
σ σ ܭ௕൫ߠ௧ǡ௜௝ǡ ߠ௟ǡ௜௝൯ ڄ ܮ௜௝൫ߠ௛ǡ௜௝ ǡ ߶௛ǡ௜௝൯ ڄ  ߠ௜௝൫ߠ௛ǡ௜௝ ǡ ߶௛ǡ௜௝൯ ڄ  ߠ௛ǡ௜௝οߠ௛ο߶௛
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ߠ௜௝ሾͲǢ ͻͲιሿ (10) 
In Type 154, οߠ௛and ο߶௛ can be selected as model parameters. For width of οߠ௛ = ο߶௛ ൌ ͷι the numerical 
integration to receive ܭ௦  by simulation needs 1296 loops per time step (18 steps in direction ߠ௛  and 72 in 
direction߶௛) for the numerator and the denominator respectively. This is highly increasing the simulation time, so 
angular width and time step must be chosen reasonably. The denominator in eq. 10 gives ܩ௦௧ calculated with the 
Brunger model, but this is only an informative value and not used in eq. 1. 
3.4. Isotropic sky and ground irradiance 
For the assumption of isotropic diffuse irradiance, Carvalho et al. [19] presented integration limits to calculate ܭ௦ 
and ܭ௥  of collectors with 1D and 2D symmetric IAM. This can be very useful when an analytic solution of the 
integration can be derived for a certain collector. In case of numerical integration, the integration limits of ܭ௦ and ܭ௥  
depend on ߚ only, since the integration can be restricted toߠሾͲǢ ͻͲιሿ, as it is done in eq. 8 to 10. Within Type 154, 
ܭ௦ for isotropic sky radiance is computed numerically based on the horizontal plane just as in eq. 10. For this case of 
isotropic radiance, ܮ௜௝൫ߠ௛ǡ௜௝ǡ ߶௛ǡ௜௝൯ can be omitted. The equation is independent of ߚ and valid for all possible IAM-
shapes. Since only sky radiance from ߠ௛ǡ௜௝  and ߶௛ǡ௜௝  within ߠ௜௝ሾͲǢ ͻͲιሿ is considered, eq. 10 does not have to be 
further modified. The integration widths are set to fixed valuesοɅ୦ ൌ οԄ୦ ൌ ʹǤͷι. 
For computingܭ௥ with the approach of eq. 10, the calculation cannot be based on the horizontal plane anymore, 
since for zenith angles above 90° numerical problems occur for incidence angle calculation. Thus, the integration is 
performed based on the collector plane and new zenith and azimuth coordinates for diffuse irradiance from the 
ground with certain integration limits are used. The zenith angle ߠ௛כ  [0; 90°] and the azimuth angle 
߶௛כ ሾെͻͲιǢ൅ͻͲιሿ  of reflected irradiance are based on the collector plane with slope ߚ  from horizontal. The 
orientation of zenith and azimuth is the same as in Fig. 4. For the numerical integration, the angular width is set to 
ο߶௛כ ൌ ʹǤͷι  (72 segments) and οߠ௛כ ൌ ߚȀ͵͸  (maximum 2.5° for ߚ ൌ ͻͲι ). The longitudinal and transversal 
incidence angles of the reflected irradiance can be calculated with eq. 4 and 5 when omitting ߛ and ߚǤ 
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4. Application to a low-concentrating, stationary process heat collector 
Fig. 8 illustrates the effects of anisotropic modeling of ܭ௦ by use of Type 154. To calculateܭௗ௧ , the the ܭ௕-values 
of RefleC given in Fig. 5 are used (from an input-File containing values of ܭ௕ሺߠ௟ǡ ߠ௧ሻ generated by the separation 
approach of McIntire (cp. section 1 and [7]). At solar noon, ܭ௕reaches values close to 1.4, since at this time of the 
year around summer solstice ߠ௧ ൎ ൅͵Ͳι onto the aperture is reached forߚ ൌ ͷͷι. 
In diffuse Mode 3, the isotropic IAM for the whole collector hemisphere ܭௗ is also calculated based on the data 
in the input-file. The integration results for ܭ௦ and ܭ௥  are highly differing fromܭௗ because of the very incidence 
angle selective behavior of RefleC in the transversal direction (cp. Fig. 5). 
 
On the first day shown, the weather data file does not contain any beam irradiance at all, so the diffuse fraction k 
is maximal. Since a significant amount of diffuse irradiance is observed, the clearness index ݇௧ is low but not at its 
minimum. Thus, a slightly covered sky as in Fig. 6 is assumed and ܭ௦ǡ௔௡௜௦௢ ൌ ͲǤͺͶ is slightly higher thanܭ௦ǡ௜௦௢ but 
does not change significantly during the day. The third day in contrary is very sunny with either a clear or partly 
cloudy sky (cp. Fig. 7). These conditions cause a high anisotropy of the diffuse irradiance on the aperture. In the 
morning after sunrise, solar disk and thus circumsolar radiance are behind the collector (i.e. ߠ ൐ ͻͲι). The majority 
of diffuse sky radiance is in the northern hemisphere, so for the RefleC-aperture, ܭ௦ǡ௔௡௜௦௢  is smaller as for the 
isotropic assumption. With progressing sun movement in the course of the day this changes, and around noon the 
circumsolar radiance is incident atߠ௧ ൎ ൅͵Ͳι, where the acceptance of RefleC is optimal. Fig. 9 shows that ܭ௦ǡ௔௡௜௦௢ 
can change by up to approx. 25 %-points during one day. Qualitatively very similar daily variations of ܭ௦ǡ௔௡௜௦௢ like 
in the days two and three shown are also predicted by Siala and Hooper [11, p. 295].  
Since the transversal IAM ܭ௕ሺͲǡ ߠ௧ሻ is highly relevant for the annual energy gain of the stationary RefleC-
collector, the distribution of irradiation (sum of irradiance during the course of the year) within the transversal plane 
is decisive for the collector energy gain. The influence of the anisotropy of diffuse irradiance on this distribution is 
illustrated in Fig. 9. When the anisotropy ofܩ௦௧is considered, less diffuse irradiance occurs from northern directions. 
A significant increase of diffuse irradiation is observed in the range ofߠ௧ሾെͷιǢ ͵ͷιሿ. At these incidence angles, the 
highest IAM-values ܭ௕ሺͲǡ ߠ௧ሻ occur, so that a significant influence on the annual energy gain can be expected.  
 
Fig. 8. IAM values for the different irradiance components on a RefleC collector with ߚ ൌ ͷͷι and ߛ ൌ Ͳι in Würzburg. Three characteristic 
days in June (day 177-179) are shown. If the hemispheric isotropic Mode 3 is selected, the sum ܩௗ௧ ൌ ܩ௦௧ ൅ ܩ௥௧  is weighted withܭௗ ൌ ͲǤ͸͸. 
In Mode 2, separate and ߚ-dependent but still constant isotropic IAMs ܭ௦ǡ௜௦௢ ൌ ͲǤͺʹ and ܭ௥ ൌ ͲǤʹͷ are calculated. Only the values of ܭ௦ǡ௔௡௜௦௢ 
calculated in Mode 1 response to the actual irradiance conditions based on a new Brunger-distribution for every time step (5 min). 
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The influence of the anisotropy of solar irradiance on the annual energy gain of RefleC has been investigated in 
TRNSYS using Type 154 described above. The results of this study are shown in Tab. 1.
Tab. 1. Annual energy gain of RefleC and its basis flat-plate for anisotropic sky radiance at different locations and inlet temperatures ௜ܶ௡. The
collectors were simulated according to eq. 1 with their real thermal capacities at a constant mass flow of ʹͷ ݈Ȁ݉஺௣ଶ . The efficiency curves have
been determined at the Test Lab Solar Thermal Systems at Fraunhofer ISE for mean fluid temperatures up to ௠ܶ ൌ ͳ͸͵ ιܥ(RefleC) and ௠ܶ ൌ
ͳ͵ͺ ιܥ (flat-plate). No system or connection losses were considered, every positive temperature lift was counted. Results are given for optimal
collector slope, ground albedo of 0.2 and a simulation time step of 15 min. The undervaluation of the described annual gain is given for isotropic
modeling of diffuse irradiance. The irradiance on the tilted plane was calculated with the Perez-Model in TRNSYS 16. In Würzburg, at
ߚ ൌ ͷͷι the fraction of diffuse irradiation is 50 % (sky: 46 %, ground 4 %), for Seville at ߚ ൌ Ͷͷι it is 36 % (sky: 33 %, ground 3 %).
Würzburg (RefleC: ߚ ൌ ͷͷι; flat-plate: ߚ ൌ ͵͹Ǥͷι) Seville (RefleC: ߚ ൌ Ͷͷι; flat-plate: ߚ ൌ ͵͹Ǥͷι)
Collector type 
and inlet tem-
perature ௜ܶ௡
Collector gain
Mode 1a)
(kWh m-2a-1)
Mode 2
undervaluation b)
Mode 3
undervaluation
Collector gain
Mode 1 
(kWh m-2a-1)
Mode 2
undervaluation
Mode 3
undervaluation
RefleC
40 °C 771 -2.8 % - 9.3 % 1397 - 1.6 % - 3.8 %
120 °C 271 -6.5 % - 13.7 % 638 - 3.8 % - 6.4 %
Flat-platec)
40 °C 645 -1.6 % - 3.3 % 1195 - 0.9 % - 1.7 %
120 °C 145 -5 % - 7.5 % 415 - 2.7 % - 3.9 %
Increased)
40 °C +19.6 % +18.1 % +12.2 % +17.0 % +16.2 % +14.5 %
120 °C +87.0 % +84.0 % +74.4 % +53.7 % +51.9 % +49.7 %
a) Mode 1: anisotropic sky, isotropic ground; Mode 2: isotropic sky, isotropic ground; Mode 3: isotropic collector hemisphere (1 IAM
   for diffuse irradiance from sky and ground as usually applied)
b) Undervaluation of collector gain compared to Mode 1
c) Basis flat-plate collector of RefleC (without reflector) with glass-foil double cover 
d) Increase of annual collector output due to reflector per m2 Aperture of basis flat-plate collector 
Fig. 9. Annual irradiation distribution diagram for 10°-slices of the hemisphere for an aperture with ߚ ൌ ͷͷι and ߛ ൌ Ͳι in Würzburg, 
Germany. The global irradiation on the tilted plane is 1213 kWh/(m2a); the diffuse fraction is 50 %. Contrary to Rönnelid et al. [10] all cosine-
losses in longitudinal and transversal direction are considered. The irradiance on the tilted plane was calculated with the Perez-Model in the
weather data reader of TRNSYS. Mean IAM-values ܭ௕ሺͲǡ ௧ߴሻ of RefleC (cp. Fig. 3) are indicated for each interval (cp. Fig. 5).
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5. Conclusions and outlook  
A modeling approach to consider the anisotropy of sky radiance has been introduced. It has been applied to a 
solar thermal collector with an approx. rotationally symmetric IAM and to a collector with an asymmetric, biaxial 
IAM-curve. The sky anisotropy was found to be most relevant for the latter, for low efficiency operation (high 
temperatures) in general, and for realistic dynamic behavior. For locations with higher diffuse fractions, the sky 
radiance anisotropy is assessed to be relevant also for standard collectors at standard application temperatures. 
To increase the accuracy of standard simulation tools, a change from modeling Mode 3 to Mode 2 should be 
considered. ୱ and ୰ for isotropic irradiance are being calculated only once, so simulation time is not affected.  
The detailed Mode 1 highly increases simulation time. For some collector types like symmetric CPC-collectors the 
undervaluation of diffuse acceptance might be partly compensated by an overvaluation due to the separation 
approach of McIntire. With Mode 1 this can be assessed for the different collector types, since three-dimensional 
IAM curves from raytracing can be read without further increase of simulation time.  
The predicted output has to be compared with measured collector output. Also, the simplified simulation of the 
collector gain (constant mass flow, every positive efficiency counted) has to be compared with realistic operation.   
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